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SUMMARY 

This paper is a progress report on the implications of inlet noise 
reduction on aircraft direct operating costs (DOC) . It considers treated 
inlet rings, various other inlet noise reduction concepts, and forward- 
speed effects. The paper has been limited to relatively well-established 
approaches to inlet noise reduction, such as acoustic liners and fixed- 
geometry/high-subsonic-speed inlets which are the focus of considerable 
current research activity. All of the concepts discussed will be of a 
"passive*' nature, i.e., no moving parts or electrical feedback systems. 

More futuristic approaches may include variable inlet geometry, inlet sprays, 
and in-duct cancellation. These "active" approaches may be applied at some 
future time after the passive approaches have been more fully exploited. 


INTRODUCTION 

Inlet noise is a contributor to the total noise signature of commercial 
jet transport aircraft that must be controlled to achieve community accept- 
ability and to meet current and future federal noise regulations. Efforts 
to control inlet noise are either at the source through proper design of 
the rotating components so as to minimize the generation of noise or by 
appropriate modifications within the inlet duct so as to inhibit the radia- 
tion of turbomachinery noise from the inlet face. The last decade has 
witnessed efforts by the universities, the government, and private Industry 
to identify, develop, and implement a variety of methods for inlet noise 
control. An imaginative research effort continues to improve on established 
methods and to produce new ideas. 

The purpose of this paper is to present a progress report on current 
efforts by describing various approaches to noise control within the inlet 
which show promise for future applications. Included in the discussion are 
treated inlet rings, refracting inlets, variable impedance liners, hybrid 
inlets, and forward-speed effects. Not included in this paper are the more 
futuristic approaches to inlet noise reduction which would involve variable 
geometry, inlet sprays, in-duct cancellation, and the like. A summary of 
these concepts is given in reference 1, 
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Aa a reminder of the nature of the problem, a schematic example of a fan 
nolae narrowband spectrum that may occur within an Inlet Is shown In figure 1, 
Superimposed upon a background of broadband noise are pure tones occurring at 
multiples of the blade passage frequency. Among the more Important sources of 
these tones are the Interaction of rotating blades and statlouary vanes with 
upstream generated wakes, atmospheric turbulence and ground vortices, wall 
boundary layers, and Itiflow distortion resulting from crosswinds and angle of 
attack. On occasion combination tones can be observed which occur at the sums 
and differences of the harmonics of tones from multistage devices. When the 
relative Mach number Into the fan blades becomes supersonic, shock waves 
created at the blade leading edges spiral down the duct to form "multiple pure 
tones" (MPT). This fundamental MPT occurs at the shaft speed, and there may be 
higher harmonics which create a very ragged sound spectrum and have a "buzz- 
saw" sound. In-duct levels of broadband noise on the order of 120 to 130 dB 
have been measured. Tones may extend 10 to 15 dB above these levels. Overall 
noise levels near the fan of 150 to 160 dB are not unusual. In this paper, 
methods of reducing fan noise within the Inlet duct are described, whereas 
methods of reducing the noise at the source by modifications to the fan itself 
are not considered. 


SYMBOLS AND ABBREVIATIONS 

c speed of sound 

D Inlet diameter 

f frequency 

\ length of acoustic treatment 

m spinning mode number 

M Mach number 

BPF blade passing frequency 

DOC direct operating cost 

EPNdB unit of effective perceived noise level 

PNdB unit of perceived noise level 

PNLT tone-corrected perceived noise level 

SPL sound pressure level 


QUIET ENGINE PROGRAM 

Several years ago Lewis Research Center completed the Quiet Engine Program. 
One of the program objectives had to do with the exploration of inlet splitter 
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rings for nolso suppresBion* A photograj^h ol ono of those engines with three 
inlet rings is shown In figure 2. At that time the state of the art indicated 
that inlet rings were required to Bubst/intJaliy reduce inlet noise below the 
standards of Federal Aviation Ktq^ulatlou Part 36 (FAR 36; ret# 2)# This belief 
was based in a large part on the rejuilts from duct theory and experiments being 
used for noise reduction prediction. Figure 3 (ref, 3) depicts some results 
from this inlet ring study, Perec'ived noise level Is plotted as a function of 
azimuth angle measured from the inlet axis. There was a significant reduction 
in noise at all angles for the wall -only treatment. The inlet with splitter 
rings yielded noticeable additional reductions between 10 and 50 only, A 
conclusion that may be drawn Irom these restilts is that adding the complexity 
of inlet splitter rings produced small additional noise reductions* This 
result may have been due to the fact that the wall treatment performed much 
better than expected or that perhaps a noise floor was encountered at the level 
reached by the wall-onlv treatment, thereby preventing further reduction by the 
rings. 

Using 1972 acoustic technology from the Lewis Quiet Engine Program, acous- 
tic and economic trade-offs were calculated by the General Electric Company as 
shown in figure 4 (ref, 4), The curve indicates the trade-off between DOC 
and noise reduction achieved by the use of acoustic treatment. This curve is 
based on the experience with the low fan cip speed used on Quiet Engine **A, 

The initial point on the curve is for the untreated engine configuration. Sub- 
sequent points are for incremental additions of acoustic treatment with the 
final point representing a three-ring inlet and a two-ring exhaust duct, 

A result from this analysis is the penalty on DOC incurred through the use 
of 1972 acoustic treatment technology to achieve noise levels 10 dB or more 
below the standards of FAR 36, The curve indicates that the economic cost of 
reaching this noise level is too high. This paper will attempt *to show that 
the slope of this curve is being cluanged by current research. The exact change 
is not known but definite itaprovemexits are indicated. Another Quiet Engine 
Program may be appropriate in the future to determine more precisely the new 
acoustic and economic trade-offs. 

Figure 5 (ref, 4) shows predicted attenuation of sound power as a function 
of frequency based on 1972 noise source assumptions allowing only axi symmetric 
modes. The amount of attenuation obtainable sin'.ply depended upon the amount of 
treatment that could be put in an inlet, and for higher frequencies large 
amounts of treatment would be required to produce only modest amounts of noise 
reduction. The data points above this curve indicate acoustic measurements 
with the quiet engine, two tans, and a JTRD engine. The noise reduction results 
were much better tium predicted. The d i screpanc ies between the predictions and 
the measurements caused a re-tvalual i on ot the dnet theory assumptions, A 
probable explanation for tlic i'verlv conservative prediction is the noise-source 
assumption. Figure 6 irulic, ti s scdtenal icallv the actual acoustic pressure 
pattern generated by rotor-stator interaction or a supersonic-tip speed rotor. 
When tliese spinning nx>ilc ptil terns are accounted tor in the tlieory, the maximum 
possible sound attenuation is in^ rcastsi, i igure 7 (ret, 5) shows ttie eifect 
of the presence of spinning nu'»des in tin' sotirct' on maximum sound power attenua- 
tion as a tuoctlou cU l t <.M{uen<-y , 1 he l(>we!'t cur^’o repiesents the axisymmetr ic 
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source assuniption tli/it wsr» iii.uN* vHflt Mm tlu^ory. The ssino cxperiniento] 

dots hus boon plotted fui the rnivf . f li;if Milfi j»ound description can 

account for the level nj eyp^r hurts tl d.ti.i, WIhmi M brronien possible to measure 
the nolso sources InjMde Mu ’ir i MM»rnM< hhirs It ni/iv become apparent how Rood 
these new theoretical asstimpf loin; .nr. \/nM' Im rmriMitly underway to measure 
these noise sources statically <md Imprlnllv, lii tlu‘ luture> In a lllRht 
environment. 


ADVANCtn um.l' CONCKPTS 


In this section considerallun will 1 h* ; 
duct liner concepts for improviur, tin* srtmd 


, (ven to pruRress made on advanced 
abfjorpt joi^ efficiency of nacelle 


acoustic treatment. The rooIs of tlilr wotl< art^ to broaden the bandwidth of 
absorptioni to improve low**! recjuom v alraopt ion i haracteristics, and to achieve 
more absorption v/ith less weiR.ht aiul voUnue t>i tteatmeut. An extensive review 
of duct acoustics and duct Itiuo rotu opt s tr. r.lvcn in re^ference 6. More recent 
advances are contained in reference:; 1 and 7. 


Rt*l ra<’t. i ii}\ 1 nU‘t 

A relatively new noise reductioti rnTiopt i » rtnei! a ’^refracting inlet’ has 
been proposed in reference fhe 1 m ale phenonu’iion to be exploited in this 
Inlet is illustrated in the sketch at Mir upprt lei t of figure 8. In the 
experiment depicted, a sound v^Mve ttavrlinp upstream in the narrow portion of 
the duct is seen to be refracted towatd llie Irwer wall after passing through 
the throat. It is believed that thi:; rettarti»m is caused by the velocity 
gradients present near the tliroat , part Imlarlv near the lower wall. The 
amount of r'^fraction is a 1 tine t ion ol :;otmd wavrliaip.th and flow speed. This 
experimental result suggests that it mav hr pt»jislhl<'' to use controlled refrac^ 
tion of sourd waves to reduce 1nlc*t iiri.rr idiriwn in figure 9. The data of 
figure 9 are based on recent Jabot at ot v tr ;t ;* liv suitably tailoring the 
gradients in the inlet flow, nol:u» ptopac.uinr. within the inlet is redirected 
towards wall acoustic treatment* Iti anotli’i t*a:ui the radiated noise could be 
directed away from the ground, liv iiit<*^'t lti)\ more sound energy onto a liner, 
the efficiency of acoustic iteatpuaii fiirdit It i )\n i t icantly enhanced. Research 
is currently underway to cxploti* mor» MiMv the ptotormance and practicality of 
the refracting inlet concept. 


V,u i .ih 1 r liup^ d.llM'i* 


One approach to im reasiip, I i lu i • 

concept illustrated schemat i ta 1 I • in itrnii 
of liners having different in»]’edath < .o e i 
tially around, the inlet . om ( m « « n. » i’ < 
patterns and jjmoothing, ovei ahmpt ■ li mr< . 
continuous variation in imptdaipo'. II * « o 
In believed to break up tin ord. r’v » IM 
duct and mav redistribute i (U Mh n - - 


. pf imm is t Ik* variable impedance 
, ! ^ In its simplest form, segments 

1 a>. lallv along, or circumferen- 
. < ♦ . oi;d'jnita‘ tliese two discrete 

IP llnii ptopi‘ilies t<> produce a 
tt-tiMv -hsigneil cluinge in impedance 
I » i, {mm Iouim! in a unilormly lined 
t !< « 1)10 p.v Into I’utol r modi's. The 
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axially r.p|»muni imI I mu i Ii i Im * »» LlH-»tjret I ual ly ami rxprr liauntaJ 1 y 

bocauHO li i;* <m hi m ■ - ni rlthh h n iatlvplv »‘aMy til fu’t ufi In a laboratory 

or to oHaiiilno iIm-'mii .11 lOfimnna vail/itlon of IfufMMlanro nay 

afi a UHoliil I on. * I'l wli. r Miihl'.t I (at ml l/;briration t.m’bol ipioa auil iU*filp,n 

proiM-M-luroa 1 m ( (hm‘‘ * * (i I il*l< In p o i t< hI<h bulk alnwirbliip, naii*rlalo aro 

j’jf I Pjt (*anai(l.(i» ■ lio I n;* i ar Inlolfi boriitino liI now tnaf orlal ava 1 1 abl 1 Ity # 
Bulk maloria I n b* nrnb lo Imvi ( out I minus I y varyJtp* Impodamo talloroU for 

a particular uoIjio nMn.i-, 

Data on tlin-o a .iiM v . scioni ml lluors, obtalnml usinp, tin* 'J 0 . 48 -'om-illaraotor 
(12 inch) rcfUMjili . ompi* .. «o (u Mm batip.loy anoclioJc iiolso facility, arc shown 
in fljpirc 11 , l‘v phn iiM' •'oi.m: < otnb I uat 1 ous of m*p,montml treatment In the 
compresHoi lulol, a pai m'm i i l< ilmlv ol Si‘p,meuled liner coni ip,uration{» was 
conducted Ln ruupn a(i<»n Mn- Smioral Klmtrlc Company, Tin* spi’ctra In the 

fip^ure are lor a baid wall Inlet, a uniform liner, and one of tlie acoustically 
better three-stMvm nl llnet;.. It can b(* seen that the ihree-sep,mt‘nt liner 
produces p,realer noija* redin t Ion Ilian the uniform liner in the low*~ and mid- 
frequency ranj*e, as W(»uM be c*vp^*t*t i*d because of the two thicker treatment 
sections, Moreovio , iIm- b 1 pli - 1 MMjumn y attenuation Is maintained with the 
segmented J iner <’ven ilMMedi a ahhil l<‘r amount of high-frequency treatment is 
present. One oi the .Mpi*'. «(| (air r< sit research is to expand to liigher values the 
frequency ranp.i’ over \;hit ii *a‘j»iuenl etl treatment produces significant additional 
noise reduction. j)ai a am h as these sn}»gest that multisegment liners may be 
superior to nuiloim I iiMoa ami that the concept deserves further careful inves- 
tigation. Probably I 1 m- m«» I nrp, cut need at the moment is for well-controlled 
tests of multise)*,ment and mufoiin J Lnors optimized and tested for a known noise 
source in order le sat a t ! tie comparison of their relative merits. It will 
take cpeciai can to d«» tbia ;.talicalLy in view of what is now known about the 
effects of inha IuMmiMu. im I n rbomachinery noise generation. 


Ilvbr I d i nlets 

In a hvbrul inlei iiOP: aointjc treatment and high subsonic vi*loi:ity air- 
flow are combined t«‘ t.dm* nol;u*. Uy operating at average throat Mach numbers 
somewhat less tb.m I Mh tic aej <Mlyn.ami c performance penalties associated with 
the sonic inlet an tnitMinl oa. Inp.nn* 1 !! (ref. 9) shows a comparison between 
a near-sonic iuli t n»d ,j ti.bi id inlet lor tlie HASA l^CSEK eng.lne. this I igure 
indicates a reJ.iiiv* Iv .:>i i M n*dmtiem in total pressure recovery after treat- 
ment Wtis added. In thi c.r iIm' noim* reduction achieved a.s a result ot the 

higli subsonic ;pocd lit'.l • is ,Mc\!nent‘*d by stnmd absorption at the <icjustlcally 
lined walls, llieso M-Mrii. . 5 m t , lo I ei 1 1 ; I i cs of the liybrid inlet are indicated 
in figure \ \ wbi(b cb -.-o dote ioi on i‘xperlmental hybrid inlet compared with 
data lur a bord-woM .o bii-Ji subsonic Macli nnmt'cr Inlet, i ti thlti Ctise, 

the baseline inlet \ i t.->n,.| t,. pi ndneo :; 1 M, noim* rednetimts ot up to ,M) dii at 
an avetap,e thioMt ‘io» b \Mtli the addititni ol wall treatrietit, 

additii»nal noi:.« i.dm'O'” . i 'bi.itnel Minmpjiont the opiratini* ratnv’ as 
imlic.iteil by tin* npp* • lb* lull piilential of I ht* hybrid inii*t concept 

remains to be <• pi i«d. iii. n u** :.*";oral directions for Jnrther researcli using 
the. hybrid inUa <-..n< • ; l , n* b o - llio ^onblmol use ut sejatunled acomM it' trUiit- 
meat to ii'piov ‘inm*ol.»n. md wiml tunnel or Ilip.bl testing, to optimize 

aer od yuan i * ’ i n d » . . » i • o • • j • t • o pioi m < * In tin* p r< * s en (' e of 1 1 ' rv/ a rd s. pi*e d , 
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Aiiuuip> tluuu* ar*» Pt*i r.i4>|) t i<pi(-* ^ ;n*li 1 r.opli»>h mu'u iiul i <iU a 1 
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FOW/AKlJ-SIMU:!) KKi*n;Ta 

The flidit noise data prcuseiUed wete :<K*a;Mired hv tlu iMup.la:; xlr<‘ra1L 
Company (ref. i) . The mensuriuj; Lt*chniMUe i»mpluved included a etiich el :»rouna 
microphones ami sophisticated techulques lor irackinn the a I . laa i i I M cjit path, 
inciudinp, tlu’ •<!rpl;;r.» J.u^LLi^u ami upcml relative Lu the ..havrvMi imi point. 
Engine corrected speed wa.s careful ly controlled ami alnuaphei )<• v/ca(lmr con- 
ditions were monitored. 

The static noise data were measured on an enp.iiie led stand '.’ilh I ir-l ield 
microphones. In order to compare static diata with fli d-t dii. , ll v. ucces.sary 
to project tlie static data to fllplif comlitions. The procedure . u.;ed .u-connted 
for the number of engines, aircraft fHg.ht ))ath, air speo,! and i ' I i I ade , atmo- 
spheric absorption, f)op))ler sliitt, and acoustic patu ienclii. .»ppiop> 'al.i 
corrections were also .applie.i to tlie jet noise component of tin speotra to 
account for the effect of relative velocity on tills noise c<.-mi..eccr.L . 

Flight dii-t.: on a LFh-(i enc.Lne were odiaLm. d oa a iK'-Jd I'l.'U.i I lat Lon where 
the nacelles leave fixed ..o"v':ry inlets and arondi.- UealmeiU on tec •■-„l walls. 
A comparison o I lip.hl and prc'iectcd static 1 .a,i Line aisLoi i.. e.i in 

figure 14. For Lhis enp.ine, tlic i light data nc i l.c if I'Ndb less Ll an the 
static projection depemlinc, on thi’ ttnu* or pi'sit mm at wii'iic t 'ic ii.'pm i.-on is 
made. Figure 15 shows a spectral conparisen ol these data at an inlet »- 

about 70°, corre.spomllie', to Llic p/eal. luict tan noii.e. Kiiil.e L:c .-.l.iiii. i ata 
clctirly rc*VGiil Lho proscnco oi liu* tun i luuiuiuLUii ul Loiu*, it .h.>Liil in tic. 

flight data. frequencies hlgl'.cr tliau 1.1 k f.in fundament ■'! l re.;. icm.-v, the 

projections fnim Liie static data reniin lilgaiT tlmn tin..' ! ! hi n.ii.i. 

The tremls of ft)>,ure 1.5 were also .iliserved wlicu the spe.-i ra •. ero compared 
at the maximum PNLT values. The maximum values correspond to aft-iadlated 
noise for this engine. Thus, a major differenee hetwcou lli>'.ht am - latic i ata 
is the absence of the fan fnndamontal tone In tlie 'Meju «lai.t. ’sc .. -'.cnee ul 

this tone probably accounts for a s I g,n 1 1 Lean I. icul o! ilic r. dist'cn in tiignt 
I’NLT values relative to the itat Ic pro I ec t 1 mi . . 

The presenct? ol the tan fnndaucntaf in .In laiic d m .-i sm-'n nt s t lut. it had 
to be produced hv a dlltercnt noise source dniine st.iiic lesli'n;, in.it was absout 
during fllg.lit tests. The source i;; thoi, Ju to l.c ii.llow di-c t ion .amo- 
spheric turl) til (Mice . 
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Aside from the disturbing conclusion that static fan or engine data are 
to some degree unreliable because of unsteady inflows, the Important conclusions 
from flight data are that these unsteady inflows are minimized and that acoustic 
**cutoff” can be realized to yield noise levels substantially less in flight than 
would be expected from projection of the static data to flight. 

Research is currently underway (ref. 11) to explain static noise results. 
The product of this work will, hopefully, improve the quality of future fan and 
engine static tests. 


CONCLUDING REMARKS 

This paper has presented an overview of certain passive, advanced concepts 
for the suppression of noise within the Inlets of gas turbine engines. A 
status report of research on inlet acoustic liners and high subsonic Mach nundier 
Inlets has been given. Some directions for improving these suppression methods 
have been pointed out and certain research and operating problems have been 
highlighted. Attention has been drawn to several ideas which may find practical 
application in the future and some optimism has been shown regarding minimizing 
operating losses for engine noise reduction concepts. These concepts can be 
expected to improve the relationship between noise reduction and direct operating 
cost. 
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Figure 3.- Effect of inlet suppressor configuration from Quiet Engine Program, 
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Figure 4.- 1972 relationship between estimated 
perceived noise level and direct operating 
costs from the Quiet Engine Program. 
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Figure 9.- Improvement of linear effectiveness 
by refraction; M = 0.35. 



CONTINUOUS VARIATION 

Figure 10.- Variable impedance liner concepts. 





Figure 13.- Hybrid inlet acoustic performance for QCSEE engine. 



Figure 14.- Comparison of flight an<l projected 
static noise histories for CF6-6 engine. 
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Figure 15.- Comparison of flight and projected static 
Inlet sound pressure spectra for CF6-6 engine. 


A96 




